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Tunable polarization over a wide spectral range is a required feature of light sources employed
to investigate the properties of local symmetry in both condensed and low-density matter. Among
new-generation sources, free-electron lasers possess a unique combination of very attractive fea-
tures, as they allow to generate powerful and coherent ultra-short optical pulses in the VUV and
X-ray spectral range. However, the question remains open about the possibility to freely vary the
light polarization of a free-electron laser, when the latter is operated in the so-called nonlinear
harmonic-generation regime. In such configuration, one collects the harmonics of the free-electron
laser fundamental emission, gaining access to the shortest possible wavelengths the device can gen-
erate. In this letter we provide the first experimental characterization of the polarization of the
harmonic light produced by a free-electron laser and we demonstrate a method to obtain tunable
polarization in the VUV and X-ray spectral range. Experimental results are successfully compared
to those obtained using a theoretical model based on the paraxial solution of Maxwells equations.
Our findings can be expected to have a deep impact on the design and realization of experiments
requiring full control of light polarization to explore the symmetry properties of matter samples.
PACS numbers:
Variable polarization is a required feature of light
sources employed to investigate the properties of matter.
The possibility to select light polarization is in particular
attractive for those experiments which aim at exploring
the local symmetry of the sample under scrutiny, e.g., the
lattice geometry of a crystal, the chirality of a molecule,
or the presence of a net atomic magnetic moment. More-
over, several spectroscopic methods rely on the oppor-
tunity to choose a well-defined light polarization. Spin
[1] and angular resolved photoelectron spectroscopy [2],
or resonant scattering of polarized x-rays [3, 4] are some
relevant examples.
In all the above-mentioned experiments, light polar-
ization has an influence on the cross section of the elec-
tronic transitions one is interested in, when the latter
depend on the angular degrees of freedom of the ground
and final states [5]. Further, in a large class of studies,
reversing the helicity of circularly polarized light allows
to disentangle the contribution of the signal generated by
the breaking of the local symmetry from the one issued
by the isotropic background. As an example, one can
mention all the experiments based on magnetic circular
dichroism [3].
For all these reasons, light polarization-dependent
spectroscopy using synchrotron radiation has become a
powerful tool for studying the electronic and magnetic
properties of matter [6, 7].
Thanks to a dramatic increase of photon peak-
brilliance with respect to conventional sources, as well
as to the possibility of controlling both the temporal
duration and the spectral bandwidth of the produced
light pulses, free-electron lasers (FEL’s) are opening com-
pletely new areas in the field of electron spectroscopy
[8]. Such studies would also greatly benefit from a well-
defined and easily-tunable light polarization.
In a FEL, light is emitted by a relativistic electron
beam propagating through the static and periodic mag-
netic field generated by an undulator. As in the case
of synchrotron radiation, FEL emission occurs at a
given “fundamental” wavelength λ = λu/(2γ
2)
(
1 +K2
)
(where λu is the undulator period, γ stands for the
electron-beam relativistic energy and K is the “deflec-
tion parameter”, which is proportional to the strength of
the undulator field), and at the harmonics of the latter,
i.e. λn = λ/n (where n > 1 is an integer number). The
process leading to FEL emission at λn = λ/n is normally
referred to as nonlinear harmonic generation (NHG).
In fact, for the preparation of the scientific case of these
new light sources, a critical question concerns the possi-
bility of generating significant photon flux at FEL har-
monics, while maintaining polarization ductility. This
would allow to extend towards shorter wavelengths the
X-ray spectral region in which FEL’s can be used for
polarization-dependent experiments.
In this letter, we demonstrate a method to obtain pow-
erful circularly polarized emission, when the FEL works
in NHG configuration.
The method relies on the use of a helical undula-
tor [9]. Contrary to what happens in standard (fixed-
polarization) undulators, in helical undulators magnets
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FIG. 1: Schematic layout of a helical (APPLE-type) undu-
lator. When the magnetic arrays are aligned, the magnetic
field describes a sinusoid confined in the (y, z) plane (dotted
line). The polarization of the emitted light is in this case lin-
ear horizontal. Circular polarization is obtained by shifting
the magnetic arrays so to make Bx = By and the phase be-
tween the field components equal to λu/4. In this case, the
total magnetic field describes a helix (continuous line).
arrays generating the magnetic field can be shifted with
respect to each other, see fig.1. When the shift is equal to
zero, the magnetic field is confined in the vertical (y, z)
plane (i.e. Bx = 0 and By 6= 0) and describes a sinusoid
(see dotted line in fig.1). Electrons travelling through
the undulator (along the z direction) are therefore de-
flected in the horizontal (x, z) plane and the polarization
of the emitted radiation is linear horizontal. This is the
so-called planar configuration. By changing the relative
position of the magnets’ arrays, it is possible to intro-
duce a horizontal component to the magnetic field, Bx.
When the strength of Bx is equal to that of By, and the
the shift between the two components is equal to λu/4,
the resulting magnetic field describes a helix of period λu
(continuous line in fig.1). In this case, also the electron
trajectory follows a helix and the emitted synchrotron
radiation is circularly polarized. Intermediate values of
the ratio Bx/By result in an elliptical polarized emis-
sion. This kind of undulators is commonly employed in
synchrotron storage rings and FELs [10, 11] to vary the
polarization of the fundamental synchrotron radiation.
As it is well known, in case of planar undulators, on-axis
NHG occurs only at odd harmonics, while even harmon-
ics are present only off-axis [12]. The NHG was success-
fully applied as a method to extend the spectral range of
FEL’s operating with fixed linear polarization, using the
third and the fifth harmonics [13].
In [14, 15] it has been theoretically and experimentally
demonstrated that the NHG signal generated by helical
undulators is distributed off-axis. In [16], a quantita-
tive estimate of the off-axis harmonic flux has been per-
formed. Results show that the FEL (coherent) harmonic
emission has a quite peculiar angular pattern, compared
to the harmonic emission of (partially coherent) syn-
chrotron radiation. Indeed, while in the latter case off-
axis harmonics have a quite significant flux [17], off-axis
FEL harmonics are practically vanishing. Such a differ-
ence can be explained by considering that, due to the
coherent nature of the process, FEL harmonic emission
is subject to destructive interference. Coming back to
the above-mentioned question about the polarization of
FEL harmonics, on the basis of the results reported in
[16], one can conclude that collecting off-axis emission
does not allow to recover polarization ductility, when the
FEL is operated in NHG mode with circularly polarized
undulators.
The method we used to obtain polarization ductility
in NHG configuration is based on the following consider-
ation: changing continuously the ratio between By and
Bx, one can expect to find a satisfactory trade-off be-
tween FEL harmonic flux (that goes to zero when ap-
proaching circular polarization) and degree of on-axis cir-
cular polarization (increasing when moving from linear to
circular polarization). Such a method is successfully em-
ployed to recover a good degree of circular polarization
of on-axis harmonic synchrotron emission [18, 19]. How-
ever, according to the lesson one can learn from the case
of off-axis emission [16], there is no guarantee that such
a trade-off exists also in the case of an FEL, i.e. when
light emission relies on coherent effects. Indeed, coher-
ence may be expected to have an impact on both the
emitted intensity and polarization of harmonic radiation.
The experiments we present have been carried out us-
ing the single-pass FEL installed on the Elettra storage
ring [10, 20]. The Elettra FEL relies on two independent
helical (APPLE-type) undulators (with λu = 10 cm),
separated by a dispersive section, and on a Ti:sapphire
laser. The NHG emission is generated as follows. The
electron beam interacts with the seed laser (or with a
harmonic of the latter [21]) in the first undulator, called
the modulator. The laser-electron interaction results in
an energy modulation of the electron beam. The disper-
sive section is a magnetic device creating a constant (ad-
justable) magnetic field. When electrons pass through
it, the energy modulation generated in the modulator
is transformed into spatial modulation, creating electron
bunching. The latter is the source of FEL emission, both
at the fundamental and harmonic wavelengths. Finally,
the bunched electron beam is injected into the radiator,
where it emits coherent light at the fundamental undula-
tor wavelength and, through NHG, at its harmonics [28].
The optical setup employed to characterize the polar-
ization of the light emitted by the radiator is shown in
fig.2. The light is first sent through an interferential fil-
ter, which strongly attenuates the residual seed radia-
tion. An iris positioned after the filter selects the on-axis
emission. Then, the light passes through a quarter-wave
plate mounted on a motorized rotation stage, allowing to
change the angle β of the plate’s fast axis with respect
to the y axis defined in fig.1 [25]. After the quarter-wave
plate, the light passes through a polarizer that transmits
only the light components with linear horizontal polar-
ization. Some other mirrors are then used to further filter
out the seed radiation, and to guide the light beam into
a monochromator. Finally, the monochromatized signal
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FIG. 2: Scheme of the experimental setup used to measure
the polarization of the light emitted by the radiator.
is acquired by a photomultiplier tube and visualized on
a digital oscilloscope. Such an optical setup [26] allows
to measure the Stokes parameters [27] and thus to fully
determine the polarization of the light emitted by the
radiator. The measurement is performed by acquiring
the light intensity transmitted by the setup, IT (β), as a
function of β, for different settings of the FEL’s radiator
(i.e., different Bx/By). The Stokes parameters I, M , C
and S are found by fitting the measured signal with the
following formula [26]:
IT (β) ∝
1
2
I −
M
4
+
1
2
S sin 2β −
1
4
M cos 4β −
1
4
C sin 4β.
We remind that I is the total intensity; M represents the
fraction of intensity linearly polarized in the coordinate
system defined in fig.1; C is similar to M but in a ref-
erence system rotated by 45 degrees; S is the fraction
of intensity showing circular polarization. In particular,
one finds M = +I(−I) and S = 0 when the polariza-
tion is fully linear horizontal (vertical), while M = 0 and
S = +I(−I) for right hand (left hand) circular polariza-
tion. In order to test the setup, we performed a prelimi-
nary set of measurements of the fundamental synchrotron
emission, with the radiator tuned at 195 nm. For all re-
ported measurements, the Elettra storage ring was op-
erated at 900 MeV. In Figure 3 (upper panel) are plot-
ted the normalized Stokes’ parameters,M/I and S/I, as
a function of the ratio Bx/By. As expected, when Bx
is equal to zero, the polarization of the emitted light is
completely linearly (horizontally) polarized. As Bx/By
increases, the field component with right-hand circular
polarization is enhanced, at the expenses of the linearly
polarized fraction. For Bx = By, the light is completely
right-hand polarized. Figure 3 (lower panel) shows the
on-axis light intensity, as a function of Bx/By. Like the
degree of polarization, also the intensity grows monoton-
ically when passing from linear to circular polarization.
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FIG. 3: Fundamental synchrotron emission at 195 nm. Upper
panel: normalized Stokes’ parameters, M/I (circles) and S/I
(squares), as a function of the ratio Bx/By . Lower panel:
On-axis intensity (normalized to the intensity recorded when
the polarization is linear horizontal), as a function of the ratio
Bx/By . Relative errors are estimated to be about 10%.
This (expected) behavior depends on the fact that the
coupling between the electrons and the undulator field,
and hence the emission, becomes stronger when pass-
ing from linear to circular polarization. After this set
of preliminary measurements, we switched to the char-
acterization of the NHG emission. The FEL modulator
was seeded at 390 nm, using the second harmonic of the
Ti:Sapphire laser. The optimization of the strength of
the FEL dispersive section generated significant bunch-
ing at the fundamental wavelength and its harmonics.
The radiator was tuned at 585 nm. Since the latter is
not a harmonic of the input seed wavelength, no bunch-
ing is produced in the modulator at such wavelength. As
a consequence, there is no coherent emission at the funda-
mental wavelength of the radiator. However, one obtains
coherent emission through NHG at the second harmonic
of the seed wavelength, i.e. 195 nm. Figure 4 reports the
same kind of measurements presented in fig.3, for the
case of NHG. The behaviour of the Stokes parameters
is similar to the one displayed by the fundamental syn-
chrotron emission: the polarization passes continuously
from linear to circular (fig.4, upper panel) although the
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FIG. 4: Nonlinear harmonic emission at 195 nm. Upper
panel: normalized Stokes’ parameters, M/I (triangles: exper-
iments; dashed line: theory) and S/I (circles: experiments;
continuous line: theory), as a function of the ratio Bx/By .
Lower panel: On-axis intensity (circles: experiments; contin-
uous line: theory), normalized to the intensity recorded when
the polarization is linear horizontal, as a function of the ratio
Bx/By . Relative errors are estimated to be about 15%.
curve cannot continue until Bx = By because of the sharp
drop of the recorded on-axis intensity for Bx/By values
higher than 0.8 (fig.4, lower panel). When Bx = By, cor-
responding to circular polarization, the on-axis harmonic
intensity is zero. The good news is the existence of an
intermediate value for Bx/By, providing a satisfactory
trade-off between a relatively high photon flux (about 1.5
times larger than the flux obtained when the radiator is
set for linear polarization) and a relatively high degree of
on-axis circular polarization (more than 90%). Polariza-
tion purity is enhanced by the natural spatial filtering of
the FEL process [16], which suppresses off-axis harmonic
emission. In fig.4, experimental results are compared to
those obtained using the theoretical model proposed in
[14]. In the model, the NHG emission from modulated
electrons propagating through a helical undulator is stud-
ied by finding the paraxial solution of the corresponding
Maxwells equations. A direct inspection of fig.4 shows
that the agreement between theory and experiments is
quite satisfactory.
In this Letter we have demonstrated the possibility to
generate coherent VUV radiation with fully variable po-
larization using nonlinear harmonic generation in a free-
electron laser based on a helical undulator. The proposed
technique, which relies on a suitable tuning of the helical
radiator, does not depend on the considered wavelength
range, and can be therefore easily extended to X-rays.
The result we found is expected to have a deep impact
on the scientific case of all new-generation free-electron
lasers and, in particular, on the design and realization of
the FEL experiments requiring full control of light polar-
ization to explore symmetry properties of matter sam-
ples.
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